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ABSTRACT The murine p53 protein contains two nucleic
acid-binding sites, a sequence-specific DNA-binding region
localized between amino acid residues 102-290 and a nucleic
acid-binding site without sequence specificity that has been
localized to residues 364-390. Alternative splicing of mRNA
generates two forms of this p53 protein. The normal, or
majority, splice form (NSp53) retains its carboxyl-terminal
sequence-nonspecific nucleic acid-binding site, which can
negatively regulate the sequence-specific DNA-binding site.
The alternative splice form of p53 (ASp53) replaces amino
acid residues 364-390 with 17 different amino acids. This
protein fails to bind nucleic acids nonspecifically and is
constitutive for sequence-specific DNA binding. Thus, the
binding of nucleic acids at the carboxyl terminus regulates
sequence-specific DNA binding by p53. The implications of
these findings for the activation ofp53 transcriptional activity
following DNA damage are discussed.

The p53 protein has been structurally and functionally divided
into four domains (see Fig. 1 Upper). The amino-terminal 42
amino acid residues encompass a transcriptional activation
region that interacts with several components of the basal
transcriptional machinery of the cell (1-4). Amino acid resi-
dues 102-290 form a large central domain of the protein (5-8)
that binds to DNA in a sequence-specific fashion. DNA
elements that are specifically bound by the p53 protein are
found in genes regulated by the p53 transcription factor (9-18).
The third domain of the p53 protein is localized between
amino acid residues 320 and 360 and mediates the formation
of p53 tetramers in solution (8, 19-22). The fourth domain
resides between residues 364 and 390 in the murine p53 protein
(367 to 393 in the human protein) and contains a set of residues
that are necessary to bind to nucleic acids in a sequence-
independent fashion and promote the formation of double-
stranded DNA or RNA from single-strand complementary
nucleic acids (23-25). This fourth domain has been implicated
in the regulation of sequence-specific DNA binding of the p53
protein, which occurs through the central domain of the
protein. The monoclonal antibody. PAb 421, which binds to
amino acid residues 370-378 in this fourth domain, enhances
p53 sequence-specific DNA binding (26, 27) by the second
domain. Similarly, the deletion of the last 30 amino acids from
the human p53 protein also enhances sequence-specific DNA
binding by the second domain (26).
A second form of the p53 transcript utilizing an alternative

splice acceptor site within intron 9 of the p53 gene has been
demonstrated in a variety of murine cell types and tissues (28,
29), and the p53 protein encoded by this transcript has been
shown to be present in a murine 3T3 cell line (30). This
alternative splice form (ASp53) lacks the basic carboxyl-
terminal 26 amino acids of the normal splice form (NSp53) and
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replaces them with 17 amino acids encoded from intron 9 prior
to a translational termination codon (Fig. 1 Lower). The
carboxyl termini of human p53 and murine NSp53 are highly
homologous. Because the final 30 amino acids of the human
and murine p53 proteins appear to be critical in the regulation
of sequence-specific DNA binding (26, 31), it was of consid-
erable interest to test the relative abilities of the murine ASp53
and NSp53 to bind to p53-specific DNA elements in the
presence or absence of nonspecific-sequence DNA.

MATERIALS AND METHODS

Preparation of Nuclear Extracts and Gel Mobility-Shift
Assays. Nuclear extracts and whole-cell extracts were prepared
essentially as described by Lassar et at (32). DNA-binding
reactions were performed with 3 ,ul of extract in a volume of
30,1 containing 20mM Hepes (pH 7.6),1.5 mM MgCl2, 1 mM
dithiothreitol, 100mM NaCl, 7% glycerol, 1.2 ,.g of dI-dC, and
0.1-0.4 ng of 32P-labeled double-stranded oligonucleotide of
the sequence 5'-TTAAGGACATGCCCGGGCATGTCC-3'.
Nonspecific competitor oligonucleotide was of the sequence
5' -TGTAGAGCTTAAGCTCTACCATCTCGAAT-
TCGAGATGT-3'. Monoclonal antibodies were purified over
a column of protein A-Sepharose (Sigma) and eluted with
weak acid. DNA-protein complexes were resolved by native
gel electrophoresis through 4% polyacrylamide gels in 0.5X
TBE (0.045 M Tris borate, pH 7.6/0.001 M EDTA) at 200 V.

Preparation and Purification of Polyclonal Antiserum to
ASp53. A synthetic peptide corresponding to the amino acid
sequence of the carboxyl-terminal 17 amino acids of ASpS3
(Fig. 1 Lower) was conjugated to a helper protein and used to
immunize New Zealand White rabbits. Antibodies were puri-
fied from the antiserum by passage over a column of Immu-
noadsorbent beads (Boehringer Mannheim) to which the
antigenic peptide was linked according to the manufacturer's
instructions. Antibodies were eluted in fractions with 100 mM
glycine (pH 2.5) and immediately neutralized to give a final
solution of 200 mM Tris/glycine (pH 7.1) containing 150 mM
NaCl and stored at 4°C.

Protein Purification. Murine wild-type p53 was purified
essentially as described by Wu et at (23) except that an
immunoaffinity column of PAb 421 was used to purify NSp53
with elution by its epitope peptide. ASpS3 was purified over a
column of purified anti-AS antiserum conjugated to protein
A-Sepharose (Sigma) with dimethylpimilimidic acid as de-
scribed by Harlow and Lane (35) and eluted with the epitope
peptide for ASpS3.

RESULTS
To compare the activities of NSpS3 and ASpS3 cell lines were
created that express only ASpS3 or NSpS3. The 10 (1) cell line
is an immortalized murine embryo fibroblast line that lacks

Abbreviations: NSp53 and ASp53, normal and alternative splice form
of p53, respectively.
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FIG. 1. Domain structure of the p53 protein. (Upper) The structure of the p53 protein has been functionally mapped into several domains. The
amino terminus of the protein is necessary and sufficient to activate transcription when tethered to DNA near a promoter element. A large, central
DNA-binding domain mediates the specific binding of the p53 protein to discrete DNA recognition elements. Sequences surrounding amino acid
312 of murine p53 form the major nuclear localization signal (NLS) for the protein (33). The p53 protein binds to DNA as a tetramer via a
carboxyl-terminal oligomerization domain. The oligomerization domain and the extreme carboxyl terminus of the protein mediate a nonspecific
DNA-binding activity and the ability of the protein to catalyze the association of single strands of nucleic acids. The extreme carboxyl terminus
from residue 364 to residue 390 is essential for the inhibition of sequence-specific DNA binding. This region is changed by alternative splicing of
the p53 transcript. (Lower) Alternate splice forms of the murine p53 protein. Murine p53 can exist in one of two splice forms differing in the sequence
of the extreme carboxyl terminus beginning at amino acid 364. The sequence of the carboxyl terminus of NSp53 (or p53-NS) and ASp53 (or p53-AS)
is depicted in the one-letter amino acid code. Basic residues are shown in boldface type, and acidic residues are underlined. The bracket above
amino acids 370-378 of NSp53 indicates the epitope for monoclonal antibody PAb 421 (34), which can enhance the sequence-specific DNA binding
of NSp53.

endogenous p53 expression (36). 10 (1) VAS 5 cells express
a cDNA encoding a temperature-sensitive mutant of ASp53
(amino acid 135 is changed from alanine to valine). 10 (1) VAL
5 cells express only the NSp53 form of p53 using the same
temperature-sensitive mutant and the same cellular back-
ground (17). Nuclear extracts of these two cell lines, which had
been incubated at the permissive temperature of 32°C, yield
p53 protein in the wild-type conformation. The parental 10 (1)
cell line also was used to prepare nuclear extracts not con-
taining any p53 protein. These extracts were incubated with a
DNA oligonucleotide containing the p53 consensus DNA-
binding site (16) (Fig. 2 Upper). No specific DNA-binding
activity could be observed in extracts from 10 (1) cells that lack
p53 protein. 10 (1) VAS 5 nuclear extracts contained a specific
DNA-binding activity mediated by ASp53 which could be
competitively inhibited by an excess of unlabeled oligonucle-
otide encoding the p53 consensus site but not by an unrelated
oligonucleotide. This activity was supershifted by incubation
with purified monoclonal antibody PAb 248, which recognizes
an amino-terminal epitope of the murine p53 protein (34, 37),
but not by monoclonal antibody PAb 421, which does not
recognize ASpS3. Inclusion of purified rabbit polyclonal an-
tiserum specific for ASp53 in the DNA-binding reaction
created a supershifted complex that was more diffuse than that
of monoclonal antibody PAb 248, presumably because of the
heterogeneous nature of polyclonal antisera. A striking con-
trast was observed in DNA-binding reactions with 10 (1) VAL
5 cell nuclear extract that contain only NSpS3. No sequence-
specificDNA binding was observed unless the binding reaction
was incubated with the carboxyl-terminal-specific antibody
PAb 421 (34, 38). This binding activity was specifically inhib-
ited by the p53 consensus oligonucleotide. It is significant that
no similar increase in the intensity of DNA binding by ASp53
was observed by addition of the antiserum even though the
polyclonal antiserum recognizes a carboxyl-terminal epitope
of ASp53 (as does the PAb 421 antibody with NSpS3).

Similar results were obtained when gel mobility-shift assays
were performed with whole-cell extracts of insect cells infected
with a recombinant baculovirus expressing either wild-type

murine NSpS3 or ASp53 (Fig. 2 Lower). Specific binding by
recombinant ASpS3 was observed which could be supershifted
by PAb 248 or by anti-ASpS3 antisera but not by PAb 421.
DNA binding by NSp53 was not observed unless PAb 421 was
included in the reaction to activate sequence-specific DNA
binding. It should be noted that in all of these experiments, the
binding of the p53 protein to sequence-specific DNA is carried
out in crude extracts where nonspecific DNA and RNA can
compete at both the specific and nonspecific binding sites.
These results confirm and extend earlier observations show-

ing that an inhibitory activity of the sequence-specific DNA
binding was mediated by the extreme carboxyl terminus of the
human p53 protein, and this could be overcome by binding of
the 421 antibody (26, 27), by deletion of the carboxyl-terminal
30 amino acids (26), or by ASpS3 (31). In this study the replace-
ment of the carboxyl-terminal 26 amino acids of murine NSpS3
with 17 different amino acids by alternative splicing produced an
ASpS3 protein that was constitutively active for DNA binding
(i.e., not regulated or inhibited) and was not further activated by
antibody binding to the carboxyl terminus. These results argue
that the inhibitory or regulated activity was intrinsic to the
sequences found in the carboxyl terminus of NSp53.
The nonspecific DNA binding activity was previously local-

ized to the carboxyl-terminal domain of p53 (7, 23). It seemed
likely that basic residues in the extreme carboxyl terminus of
NSp53 mediate this nonspecific DNA binding and that this
nonspecific DNA binding may be essential for the carboxyl
terminus of NSp53 to inhibit sequence-specific DNA binding.
To test this hypothesis, ASpS3 and NSpS3 were purified from
the appropriate baculovirus-infected insect cells by immuno-
affinity chromatography. Gel-shift DNA-binding reactions
were performed with these purified proteins in the absence or
the presence of increasing amounts of nonspecific DNA (Fig.
3). The binding of sequence-specific DNA to purified ASpS3
was resistant to competition by even a 10,000-fold excess (by
mass) of nonspecific DNA. By contrast, NSpS3 was effectively
inhibited for binding to its consensus oligonucleotide by a
relatively small excess (about 80-fold) of nonspecific DNA.
These results demonstrate that nonspecific DNA can act as a
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FIG. 2. ASp53 is constitutive for sequence-specific DNA binding, whereas NSp53 must be activated by antibody binding to its carboxyl terminus.

(Upper) DNA-binding assays were performed with nuclear extracts prepared from cells expressing only alternative splice p53 [10 (1) VAS 5], the

normal splice form [10 (1) VAL 5], or no p53 [10 (1)]. Nuclear extracts were incubated with 32P-labeled DNA oligonucleotides containing 100 pg

of the p53 consensus DNA-binding site (16) and a large excess (1 Ag) of unlabeled deoxyinosine-deoxyguanosine (dI-dC). Excess unlabeled

competitor oligonucleotides containing the specific recognition sequence for p53 (spec.) or an unrelated sequence (non-spec.) were included as

indicated above the lanes. Antibodies (0.8-1 ,ag) specific for the carboxyl terminus of NSp53 (lane 421) and of ASp53 (lane aAS) or an

amino-terminal epitope on both splice products (lane 248) were included as indicated to supershift p53-DNA complexes. Protein complexed to

DNA is visualized as a shift in the mobility of the labeled DNA following native gel electrophoresis. (Lower) Gel mobility-shift assays performed

with whole-cell extracts from insect cells infected with recombinant baculovirus expressing ASp53 or NSp53. Specific and nonspecific competitor

oligonucleotides and purified antibodies were included as indicated.
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noncompetitive inhibitor (not at the sequence-specific DNA
binding domain) for sequence-specific DNA binding by NSp53
via an interaction with the carboxyl terminus. Previous studies
have suffered from the ambiguity of being unable to determine
whether the apparent sensitivity of sequence-specific DNA
binding by p53 to nonspecific competition was mediated at the
central p53 DNA-binding domain (residues 102-290, the se-
quence-specific binding domain) or at the carboxyl-terminal
nonspecific binding site (residues 364-393). If the former were
correct, the specificity of p53 for specific DNA sequences
would be weak and easily blocked by competition. Indeed, as
the concentration of dI-dC approaches 80-fold excess to the
specific DNA probe bound to the NSp53 protein (Fig. 3), one
can begin to observe this kind of competition at the second or
central domain of the p53 protein. It is clear, however, that
binding of nonspecific DNA at the carboxyl-terminal domain
regulates, either allosterically or by direct interaction (steri-
cally), the ability of the central domain to bind to p53-specific
DNA elements. The binding of nucleic acids to the last 26
amino acid residues of the p53 protein thus appears to control
the conformation of the protein and its ability to act as a
transcription factor dependent upon DNA binding.

DISCUSSION
The results presented in this report provide a mechanism to
explain the observed regulation by NSp53 for site-specific
DNA binding (Fig. 4A). Binding to nonspecific DNA locks
NSp53 into a conformation that cannot bind to its sequence-
specific DNA target. Abrogation of the carboxyl-terminal
nonspecific DNA-binding by contact with PAb 421 antibody
results in the conversion of NSp53 into a form that can bind
specifically to its DNA-binding elements. In this regard, it is
interesting that the epitope for PAb 421 overlaps several of the
basic amino acids in the carboxyl terminus of NSp53 that may
be expected to mediate an interaction with DNA. Such a model
predicts that in the cell nucleus, a large fraction of NSpS3
molecules may be bound nonspecifically to DNA and are
blocked for sequence-specific DNA binding and transcrip-
tional activation. By contrast, ASpS3 appears to be constitutive
for site-specific DNA binding because it lacks the carboxyl-
terminal nonspecific DNA-binding activity. It should be noted,
however, that ASpS3 is present at far lower levels than NSpS3

FIG. 3. Inhibition of sequence-
specific DNA binding by the car-
boxyl terminus of NSp53 is medi-
ated by nonspecific DNA binding.
ASp53 (Left) and NSp53 (Center)
protein was purified from baculo-
virus-infected insect cells by immu-
noaffinity chromatography. Puri-
fied p53 (100 ng) was incubated
with labeled p53 consensus oligo-
nucleotide (100 pg) and increasing
amounts of unlabeled dI-dC as in-
dicated. (Right) PAb 421 (2.8 jig)
was included with NSp53 to acti-
vate specific DNA binding at high
concentrations of dI-dC. DNA-
protein complexes were analyzed
by gel mobility-shift assay.

in all cell lines tested to date (29-31) and that the great
majority of ASp53 exists in these cells as heterooligomers with
NSp53 that could inhibit site-specific DNA binding in a
dominant-negative manner (31).
These observations may have important implications toward

understanding the mechanisms by which p53 may be activated
for transcription. p53-responsive genes are transcriptionally
activated after DNA damage coincident with increases in the
level of the p53 protein (18, 39-41). It may be that the
conformational regulation of sequence-specific binding by
NSpS3 could be an important regulatory component in the
response to DNA damage and that nonspecific DNA binding
by the carboxyl terminus could mediate this regulation as a
part of the mechanism by which p53 transcriptional activity is
induced following DNA damage.

It is intriguing that the human p53 protein and a carboxyl-
terminal fragment of the p53 protein have been observed to
localize to single-stranded regions of DNA and to the termini
of nonspecific DNA templates (S. Lee, B.E., A.J.L., and J.
Griffith, unpublished observations). These substrates are sim-
ilar to the lesions produced following DNA damage. A greater
affinity of the carboxyl-terminal nonspecific DNA-binding
activity for sites of DNA damage suggests that the carboxyl-
terminal DNA-binding domain may serve to scan for and
recognize DNA damage directly. A consequence of such a
recognition would be to colocalize p53 to regions with other
factors important in damage recognition and repair (Fig. 4B).
One or more of these factors may be hypothesized to activate
p53. An inactivation of nonspecific DNA binding via addition
of acidic groups to the basic carboxyl terminus of NSp53 by
phosphorylation is a plausible mechanism to promote a change
in p53 from a latent to an active form for site-specific DNA
binding. Consistent with this idea, it has been reported that
addition of purified casein kinase II, which phosphorylated the
penultimate serine of NSpS3 in vitro (42), to DNA-binding
reactions activates p53 for site-specific DNA binding (26).
Alternatively, protein-protein interaction at the carboxyl-
terminus of NSpS3 following DNA damage may activate p53
in a manner similar to the binding of PAb 421 in vitro.
The markedly increased DNA binding activity of ASp53

relative to NSpS3 implies that a potential mechanism for
activating p53 function within a cell could be by increasing the
relative amount of ASp53 to NSp53. It has been reported that
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FIG. 4. Regulation of sequence-specific DNA binding by the
carboxyl terminus of p53. (A) Nonspecific DNA binding mediated by
the carboxyl-terminal DNA-binding domain of NSpS3 inhibits se-

quence-specific DNA binding mediated by the central DNA-binding
domain. The central DNA-binding domain of p53 (depicted as a

tetramer) mediates the p53 protein's recognition of its specific DNA
element. A nonspecific DNA-binding activity is mediated by the
extreme carboxyl terminus of NSpS3. When bound to nonspecific
DNA (in black below the protein complex) through the carboxyl-
terminal domain, p53 is locked in a conformation that cannot bind to
its specific DNA element (in grey above the protein complex). ASp53
lacks the nonspecific DNA-binding domain and exists constitutively in
a form capable of binding its specific recognition element. Binding by
antibody PAb 421 to the carboxyl terminus of NSpS3 can inhibit
nonspecific DNA binding mediated by this domain and thus activates
NSp53 to adopt its specific DNA-binding conformation. (B) A model
for the regulation of sequence-specific DNA binding by NSpS3 fol-
lowing DNA damage. As depicted, NSpS3 may exist in an equilibrium
between a latent state bound to nonspecific DNA and an active form
capable of binding to its specific recognition element. In normal cells,
most of the p53 exists in the latent state because of the large excess of
nonspecific DNA present in the cell nucleus. Evidence exists that the
carboxyl-terminal nonspecific DNA-binding domain of p53 has a

higher affinity for regions of single-stranded DNA or DNA termini
over double-stranded DNA (S. Lee, B.E., A.J.L., and J. Griffith,
unpublished observation). These substrates are similar to lesions
produced following DNA damage, suggesting that the carboxyl-
terminal DNA-binding domain may function to recognize DNA
damage directly. Colocalization of protein kinases to sites of DNA
damage is proposed to be a mechanism by which p53 protein may be
activated for sequence-specific binding via phosphorylation at its
carboxyl terminus.

higher ASp53 levels may be present in cells during the G2 phase
of the cell cycle (30). Therefore, studies directed toward the
regulation of splice-site usage in the p53 transcript may be a

fruitful avenue for investigation.
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